INTRODUCTION
============

Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women \[[@B1],[@B2]\], affecting 5% to 10% of woman of reproductive age \[[@B3]\]. According to the Rotterdam criteria for diagnosis, PCOS involves at least two out of the following three criteria: clinical or biochemical evidence of hyperandrogenism, oligoovulation and/or anovulation, and polycystic ovarian morphology with an accumulation of small antral follicles \[[@B4]\]. PCOS is a heterogeneous disorder that presents variable features, including obesity, infertility, hyperinsulinemia, and insulin resistance (IR). The etiology of PCOS remains unclear, but IR is believed to play an important role in its pathophysiology by stimulating ovarian androgen production \[[@B5]\]. Moreover, insulin sensitizing drugs such as metformin have been shown to confer therapeutic benefits \[[@B6]\]. In PCOS, IR mainly occurs in classic target tissues, such as skeletal muscle, fat, liver, or fibroblasts \[[@B7],[@B8],[@B9]\], but also in the ovary \[[@B10]\].

Glucose is a key fuel and an important metabolic substrate that regulates gene transcription, enzyme activity, hormone secretion, and glucoregulatory neuron activity in mammals \[[@B11]\]. The facilitative transport of glucose across the plasma membrane of mammalian cells is catalyzed by a family of glucose transporter proteins (GLUTs). Since the 1990s, 14 members of the human GLUT family have been identified \[[@B12],[@B13],[@B14],[@B15]\]. The various transporters exhibit different tissue-specific expression, substrate specificity, and kinetic properties, and certain cells express two or more isoforms \[[@B16]\].

Expression of GLUTs is altered in various tissues of PCOS patients. For example, GLUT4 expression is decreased in adipocytes \[[@B17]\] and the endometrium \[[@B18]\], but is not altered in skeletal muscle, where GLUT1 expression is increased \[[@B19]\]. Moreover, insulin receptor signaling is also decreased in PCOS patients \[[@B20],[@B21]\]. However, the expression patterns and functions of recently discovered GLUTs are relatively less well studied in the ovary.

Oocytes, cumulus cells, and granulosa cells (GCs) communicate by endocrine, paracrine, and autocrine signals during whole process of folliculogenesis \[[@B22]\]. The bidirectional interactions among these cells are essential for the development and function of follicles as well as oocytes \[[@B23]\]. Oocytes lack the ability to carry out glycolysis and cholesterol biosynthesis, and to transport certain amino acids; thus, surrounding somatic cells must compensate for these metabolic insufficiencies \[[@B22]\]. Therefore, the expression of GLUTs in surrounding GCs may be strongly related with oocyte quality. In this study, we evaluated the expression profiles of all members of the GLUT family in GCs and the relationships among GLUT expression in GCs and IR and oocyte quality in PCOS patients participating in an *in vitro* maturation (IVM) program.

METHODS
=======

Patient selection and blood collection
--------------------------------------

This study protocol was approved by the Institutional Ethical Review Board of the Fertility Center of the CHA Gangnam Medical Center, CHA University, and all patients provided written informed consent. Diagnosis of PCOS was established according to the revised Rotterdam European Society of Human Reproduction and Embryology/American Society of Reproductive Medicine criteria \[[@B4]\]. Patients with hyperprolactinemia, thyroid disease, congenital adrenal hyperplasia, Cushing syndrome, or androgen-secreting tumors were excluded.

All participants were undergoing *in vitro* fertilization (IVF) at the Fertility Center of CHA Hospital, Seoul, Korea. Thirty-four PCOS patients were enrolled to undergo IVF cycles without hormone stimulation. Twenty-eight women had normal glucose metabolism, and were grouped as insulin sensitive (IS) in this study, while six women presented with IR.

IR was diagnosed using the 75-g oral glucose tolerance test (OGTT) and the homeostasis model assessment (HOMA) index. The HOMA index was calculated as HOMA=(fasting insulin, µIU/mL×fasting glucose, mmol/L)/22.5, and IR was determined when HOMA was \>3 in the present study \[[@B24]\]. OGTT and HOMA are well-known validated markers for IR \[[@B25]\].

Patients\' clinical profiles and the blood samples for measuring baseline hormonal status were collected on day 3 of each cycle. Blood pressures, waist circumference, and body mass index were measured as described by Ryu and colleagues \[[@B24]\]. The level of serum gonadotropins and other hormones were measured as described previously \[[@B26]\].

Preparation of granulosa cells
------------------------------

Follicular fluid was aspirated transvaginally under ultrasound guidance during follicle puncture for IVF. After isolation of cumulus-oocyte complexes, follicular fluid was pooled and centrifuged at 1,000 g for 10 minutes. The pellet was retained, and red blood cells were removed by a 60% Percoll gradient and subsequent treatment with red blood cell lysis buffer (Roche, Basel, Switzerland). The remaining cells were purified by centrifugation, suspended in phosphate buffered saline (PBS), and filtered through a mesh (Ted Pella Inc., Redding, CA, USA). The single-cell suspension was layered over 100% fetal bovine serum (Gibco, Grand Island, NY, USA) and centrifuged at 250 g for 15 minutes to remove platelets \[[@B27]\]. The final pellet was dissolved in Dynal buffer 1 (2 mM ethylenediaminetetraacetic acid, 0.1% bovine serum albumin in PBS) and subjected to immunobead leukocyte depletion.

GCs dispersed in Dynal buffer 1 (2×10^6^ cells/mL) were mixed with 4×10^7^ prewashed paramagnetic beads conjugated with anti-CD45 Ig (Dynal Biotech, Oslo, Norway) at 4℃ for 1 hour. Following capture of the beads with a magnetic separator, the supernatant containing unbound GCs was collected, and the presence of isolated single cells confirmed by microscopic observation ([Fig. 1](#F1){ref-type="fig"}). Bead-bound white blood cells were washed with Dynal buffer 1 four times and lysed for RNA isolation.

Total RNA isolation and reverse transcription polymerase chain reaction
-----------------------------------------------------------------------

Total RNA was extracted using TRIzol agent (Invitrogen, Carlsbad, CA, USA). Cells were added to 1 mL TRIzol, vortexed, and incubated for 5 minutes at room temperature. After addition of 0.2 mL chloroform and incubation for 10 minutes at room temperature, lysates were centrifuged at 10,000 g for 20 minutes at 4℃. The supernatant was transferred to a new tube containing 0.5 mL isopropanol and precipitated. The pellet was washed with 75% ethanol, dried, dissolved in diethylpyrocarbonate-treated water, and stored for reverse transcription (RT) reaction.

Complementary DNA (cDNA) was synthesized from 1 µg total RNA using 0.5 µg oligo (dT) primer according to the manufacturer\'s protocol for M-MLVRT (Promega, Madison, WI, USA). Briefly, 1 µg RNA was treated with DNase I for 15 minutes, followed by enzyme inactivation at 65℃ for 15 minutes. Then oligo (dT) primer was added and incubated at 70℃ for 10 minutes. RT was conducted at 42℃ for 60 minutes, and the reaction was terminated by incubation at 94℃ for 2 minutes. cDNA was used as a template for semiquantitative polymerase chain reaction (PCR) with each set of GLUT primers. To definitively confirm the existence or absence of transcript, the template was amplified by 40 cycles of denaturation at 95℃ for 30 seconds, annealing at 60℃ for 30 seconds, and extension at 72℃ for 30 seconds. Each PCR product was subjected to 2% agarose gel electrophoresis. The primer sequences and product sizes are listed in [Table 1](#T1){ref-type="table"}. Because GLUT14 shares remarkable identity with GLUT3 and likely resulted from a duplication of GLUT3 \[[@B28]\], we did not design primers specific for GLUT14.

Statistical analysis
--------------------

Statistical analyses were conducted with SAS 9.1 (SAS Institute, Cary, NC, USA) on a Cornell University (Ithaca, NY, USA) mainframe computer. Differences in GLUT expression among groups were analyzed with Fisher exact test. Analyses of relationships between GLUT expression and oocyte maturation rate, fertilization rate, and implantation rate were performed by logistic regression analysis. Values of *P*\<0.05 were considered statistically significant.

RESULTS
=======

Differences in clinical characteristics between insulin sensitive and insulin resistance polycystic ovary syndrome patients
---------------------------------------------------------------------------------------------------------------------------

Clinical profiles of PCOS patients in the two groups, IS and IR, are summarized in [Table 2](#T2){ref-type="table"}. As predicted, since we grouped patients according to their HOMA-IR values, parameters such as body mass index, blood pressure, waist hip ratio, sex hormone binding globulin, and fasting insulin were significantly different between the IS and IR groups (*P*\<0.05).

GLUT expression patterns in human granulosa cells in relation to insulin sensitivity
------------------------------------------------------------------------------------

Expression of GLUTs 1, 3, 5, 8, and 13 was constitutive, whereas expression of GLUTs 2 and 7 was not observed in GCs ([Fig. 2A](#F2){ref-type="fig"}). To confirm that this lack of expression of GLUTs 2 and 7 was not due to PCR conditions, their expression was confirmed with the same primers using cDNA from other cells, such as leukocytes that had been separated from the GCs ([Fig. 2B](#F2){ref-type="fig"}). The demonstration of expression in separated leukocytes but not in GCs verified that we performed clean and absolute separation of the cell types, as well as the absence of the expression of GLUTs 2 and 7 in GCs. Among the 13 GLUT members, expression of the remaining family members, GLUTs 4, 6, 9, 10, 11, and 12, was diverse among GCs from different patients.

For more detailed analysis of the differential expression pattern of GLUTs, we divided samples according to the existence of IR and compared GLUT expression between these two groups ([Fig. 3](#F3){ref-type="fig"}). There was a trend of GCs from IS samples having increased expression of GLUTs 4, 9, 10, 11, and 12, but these results were not statistically significant. Interestingly, however, GLUT6 expression was detected in a significantly higher percentage of IR GCs than in IS GCs (*P*\<0.05; 85.7% of IR GCs vs. 37.9% of IS GCs). We concluded that GLUT6 expression in GCs is especially sensitive to the patient\'s insulin sensitivity.

Association between GLUT expression in granulosa cells and oocyte maturation
----------------------------------------------------------------------------

We started this research with the proposition that GLUT expression in GCs could affect oocyte metabolism and consequently influence oocyte quality. We measured the *in vitro* oocyte maturation rate, since there is no other way to directly measure human oocyte maturity due to ethical limitations. We then analyzed the fertilization rate of oocytes and implantation rate of embryos as an indirect confirmation of the oocytes\' quality.

We used logistic regression to determine whether relationships exist between GLUT expression and variables related to oocytes and embryos, such as oocyte maturation rate at 24 and 48 hours, implantation rate, and fertilization rate. None of these variables were significantly correlated to expression of either GLUTs 4 or 6. In contrast, GLUTs 9, 10, 11, and 12 showed noteworthy relationships with some of these variables ([Table 3](#T3){ref-type="table"}). An increased oocyte maturation rate at 48 hours was associated with increased GLUT9 expression (odds ratio \[OR\], 53.174; *P*=0.0004). Although GLUT9 expression showed a positive correlation with the IVM rate of immature oocytes at 48 hours, there was no relationship between the expression of other GLUTs and oocyte maturation rate at 24 hours. Therefore, we suggest that GLUT9 expression may affect oocyte quality at later stage of *in vitro* culture. The extreme OR for GLUT10 in terms of the oocyte maturation rate at 24 hours implies that this may not be a meaningful result.

Association between GLUT expression in granulosa cells and other *in vitro* fertilization outcomes
--------------------------------------------------------------------------------------------------

An increased fertilization rate was associated with decreased expression of GLUTs 11 and 12 (OR, 0.315; *P*=0.0153; and OR, 0.273; *P*=0.0391, respectively). Moreover, an increased implantation rate was associated with increased GLUT12 expression (OR, 30.43; *P*=0.0281). These data indicate that increased GLUT9 expression and decreased GLUTs 11 and 12 expressions may be related to improved oocyte maturation after 48 hours of *in vitro* culture, improved fertilization rate, and improved implantation rate, respectively. Expression of GLUTs 11 and 12 showed a negative correlation with oocyte fertilization rate, whereas expression of GLUT12 showed a positive association with the implantation rate of cultured oocytes.

DISCUSSION
==========

Glucose is a major source of metabolic energy for mammalian cells and can regulate gene transcription, enzyme activity, and hormone secretion \[[@B11]\]. Because the plasma membrane is impermeable to polar molecules such as glucose, glucose uptake requires membrane-associated carrier proteins \[[@B29]\]. GLUTs use existing gradients in the concentration of glucose and other hexoses across the membrane to facilitate their translocation, ensuring a continuous supply of glucose to most tissues \[[@B30]\].

Relatively little is known about the specific functions of the more recently discovered GLUT proteins. GLUT6 cDNA was originally cloned from leukocytes, but at its discovery it was named GLUT9 \[[@B31]\]. In rat adipose cells, GLUT6 appears to recycle between internal membranes and the plasma membrane in a dynamin-dependent manner, but it is unresponsive to stimuli that induce GLUT4 translocation \[[@B31]\]. In our study, we evaluated all 13 GLUT family members\' expression in human GCs obtained from IVF patients and found valuable results as follows: 1) GLUTs 2 and 7 are not expressed in human GCs at all, whereas GLUTs 1, 3, 5, 8, and 13 are expressed in all GCs constitutively, and 2) only GLUT6 expression showed differential expression according to the patients\' insulin sensitivity.

Generally, it is known that GLUT4, as a high-affinity GLUT that is predominantly expressed in muscle cells and adiposities, mediates insulin-stimulated glucose transport \[[@B32]\]. Compared to other GLUTs, many aspects of the relationship between GLUT4 and insulin regulation have been revealed. For example, the lack of GLUT4 presence at the plasma membrane in response to insulin is an early step in the development of IR and type 2 diabetes mellitus \[[@B30]\]. Therefore, it is interesting that, in human GCs, the most sensitive GLUT to the patient\'s insulin sensitivity was GLUT6 rather than GLUT4. Thus, further study will be needed to understand the function and regulatory mechanism of GLUT6 in GCs.

Functional studies have shown that GLUT9 transports both glucose and fructose, and also uric acid \[[@B33]\]. When plasma uric acid increases, oocyte maturation, fertilization, and embryo cleavage rates decrease \[[@B34]\]. Therefore, according to our results, we suggest that GLUT9 expression by GCs leads to excretion of urea from follicles to create a more favorable environment for oocyte growth and maturation, and it appears to be positively associated with oocyte quality with respect to IVM of immature oocytes over 48 hours. The mechanisms involved these processes should be studied further.

GLUT11 exhibits detectable glucose and fructose transport activity, but like GLUT6, its principal substrate and function remains unknown \[[@B35]\]. GLUT12 exhibits a distinct expression pattern restricted primarily to IS tissues \[[@B36]\]. In mouse, it has been reported that GLUT12 expression is apparent in ovulated oocytes and 2-cell embryos, declines in morula, then increases again in blastocysts \[[@B37]\], and GLUT12 expression in *Xenopus* oocytes resulted in increased glucose uptake \[[@B38]\]. We also found that the GLUT12 expression in GCs is positively correlated with implantation rate. Therefore, we conclude that GLUT12 expression is intimately involved in early embryo development.

Many studies have investigated the factors that regulate GLUT expression. Various physiological conditions, such as fasting, high-fat feeding, obesity, exercise, and cold exposure are related to GLUT expression. Several transcription factors are also known to regulate GLUT expression and many drugs and chemicals, such as antitumor drugs and tamoxifen, also influence GLUT expression \[[@B36]\]. Consequently it can be thought that hormones involved in follicular growth and systemic insulin levels may influence GLUT expression in the follicular cells and ultimately affect oocyte quality. Results of the present study have expanded our understanding of the relationships between metabolism and cell-cell communication in oocyte maturation in relation to GLUT expression, and further studies on the effects of regulatory factors and hormones on specific GLUTs are required in the near future.
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![Micrographs showing the purified granulosa cells. (A) Cells with asterisks are mixed granulosa cells, and cells with arrows are white blood cells before purification. (B) Purified granulosa cells after depletion of white blood cells. Bars=50 µm.](enm-29-40-g001){#F1}

![Typical polymerase chain reaction data showing expression patterns of glucose transporter (GLUT) family members in five different patients. (A) Expression of GLUTs 1 to 13 in human GCs. Each lane (1 to 5) indicates a different individual. (B) Primers for GLUTs 2 and 7, whose PCR products were undetected with granulosa cell cDNA, were confirmed by checking expression using cDNAs from isolated leukocytes. Glyceraldehyde 3-phosphate dehydrogenase was used as the internal control for each cDNA.](enm-29-40-g002){#F2}

![Differential expression pattern of glucose transporters (GLUTs) according to insulin sensitivity in human granulosa cells (GCs) obtained from polycystic ovary syndrome patients. ^a^Statistically significant difference in GCs\' GLUT6 expression between insulin sensitive and insulin resistance groups by chi-square test (*P*\<0.05).](enm-29-40-g003){#F3}
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Sequences of Oligonucleotide Primers and Their Expected Reverse Transcription Polymerase Chain Reaction Product Sizes

![](enm-29-40-i001)

GLUT, glucose transporter; F, forward; R, reverse.

^a^GLUT14 is 94.5% identical to GLUT3 and considered as a duplicon of GLUT3.
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Clinical Characteristics of Polycystic Ovary Syndrome Patients Grouped by Insulin Sensitivity
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Values are expressed as mean±SD.

FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2, estradiol; TSH, thyroid-stimulating hormone; DHEA-S, dehydroepiandrosterone-sulfate; SHBG, sex hormone binding globulin; HDL, high density lipoprotein; LDL, low density lipoprotein; HOMA-IR, homeostatic model assessment insulin resistance.
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Association between Glucose Transporter Expression and Various *In Vitro* Fertilization Outcomes
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GLUT, glucose transporter; CI, confidence interval.
